We investigate the collider signatures of neutral and charged Long-Lived Particles (LLPs), predicted by the Supersymmetric B − L extension of the Standard Model (BLSSM), at the Large Hadron Collider (LHC). The BLSSM is a natural extension of the Minimal Supersymmetric Standard Model (MSSM) that can account for non-vanishing neutrino masses. We show that the lightest right-handed sneutrino can be the Lightest Supersymmetric Particle (LSP), while the Next-to-the LSP (NLSP) is either the lightest left-handed sneutrino or the left-handed stau, which are natural candidates for the LLPs. We analyze the displaced vertex signature of the neutral LLP (the lightest left-handed sneutrino), and the charged tracks associated with the charged LLP (the left-handed stau). We show that the production cross sections of our neutral and charged LLPs are relatively large, namely of order O(1) fb. Thus, probing these particles at the LHC is quite plausible. In addition, we find that the displaced di-lepton associated with the lightest left-handed sneutrino has a large impact parameter that discriminates it from other SM leptons. We also emphasize that the charged track associated with the left-handed stau has a large momentum with slow moving charged tracks, hence it is distinguished from the SM background and therefore it can be accessible at the LHC.
Introduction
Searches for new physics at the LHC are largely based on probing the direct decay of the associated new particles into SM particles, i.e., particles are produced and decayed at the interaction point. However, an interesting possibility of revealing new physics is to detect the collider signatures of heavy LLPs. This type of particles has a long lifetime, hence it can travel for a sizable distance inside the detector and decay at a point (secondary vertex) different from its production point (primary vertex). This signal is called displaced vertex, which is one of the essential features of LLPs. These events can be easily observed with almost negligible background. A particle can have a long lifetime, and becomes an LLP, if its couplings with all other particles in its decay channels are extremely small or if the mass difference between this particle and the ones in its decay is very small, so that the phase space is almost closed. Depending on the lifetime of the LLP, its decay may take place either in detector tracker, or in calorimeters and muon system, or even outside the detector.
Various scenarios for the SM extensions, in particularly supersymmetric models, predict the existence of heavy LLPs with lifetime greater than few nanoseconds and macroscopic decay length. In the MSSM, the LSP is usually the lightest neutralino and the following particles are possible candidates for the NLSP, with quite close mass to the mass of the LSP: Next-to-the lightest neutralino, the lightest chargino, the lightest stau, and the lightest stop. However, all these particles couple to the LSP with either gauge or Yukawa couplings, which are not very suppressed. Also their associated mixing matrices are not externally small, so one can easily verify that their decay rates are not very suppressed (larger than 10 −10 GeV), hence their lifetimes are rather short (larger than nanosecond) unless one assumes a very fine tuning mass degeneracy between the LSP and the NLSP [1] [2] [3] . Furthermore, this type of degeneracy implies a large co-annihilation between the LSP, which is a Dark Matter (DM) candidate, and the NLSP, hence, the LSP relic abundance becomes much smaller than the measured lower limit. Thus, one can conclude that it is not natural to have an LLP in the MSSM.
The MSSM is the most natural supersymmetric extension of the SM, however, the solid experimental evidence for neutrino oscillations, pointing towards non-vanishing neutrino masses, indicates the departure from the simplest realization of Supersymmetry (SUSY), the MSSM. The BLSSM is a simple extension of the MSSM, based on the gauge group
, can account for current experimental results of light neutrino masses and their large mixing [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Within the BLSSM, right-handed neutrino superfields are naturally introduced in order to implement a type I seesaw mechanism, which provides an elegant solution for tiny neutrino masses. Also, it has been emphasised that the scale of B − L symmetry breaking is related to the SUSY breaking one and both occur in the TeV region [15, 16] . Hence, several testable signals of the BLSSM are predicted at the LHC [17, 18] .
In this paper we will show that in the framework of the BLSSM, due the decoupling between left-handed and right-handed sectors, if the LSP is emerged from the right-handed sector and the NLSP (neutral or charged) is coming from the left-handed sector, then the decay of NLSP to the LSP is extremely suppressed and the NLSP becomes naturally an LLP, even if its mass is not degenerate with the LSP. In fact, sometimes, as we will show in the next section, the mass difference should be larger than or equal to the mass of W (for charged NLSP) or Z (for neutral NLSP) gauge bosons, to open a channel of decay, otherwise the NLSP becomes not only LLP but also an almost stable particle. In particular, we will show that a notable feature of the BLSSM is that the lightest right-handed sneutrino can be naturally the LSP and stable, so that it is a viable candidate for cold DM [19] [20] [21] . We will emphasize that the BLSSM has a wide range of parameter space allows to probe the signature of both the lightest left-handed sneutrino and the left-handed stau as neutral and charged LLPs, respectively. This paper is organized as follows. In section 2 we discuss the possibility of having one or more LLP in the BLSSM model. In section 3 we provide the basic inputs required for searching for the neutral and charged BLSSM LLPs at the CMS. Section 4 is dedicated for analyzing the signature of the lightest left-handed sneutrino and the left-handed stau, which are our neutral and charged LLPs, respectively. Finally, our conclusions are given in section 5.
Long-lived particles in the BLSSM
The BLSSM is based on the gauge group
This model is a natural extension of the MSSM [15] with three right-handed neutrino superfields (N i ), to account for measurements of light neutrino masses, two chiral SM-singlet Higgs superfields (χ 1 , χ 2 with B − L charges Y B−L = −2 and Y B−L = +2, respectively), whose Vacuum Expectation Values (VEVs) of their scalar components, v 1 = χ 1 and v 2 = χ 2 , spontaneously break the U (1) B−L , and a vector superfield necessary to gauge the U (1) B−L (Z ) acquires its mass from the kinetic term of χ 1,2 :
Therefore, the superpotential of the BLSSM is given by
The B − L charges of the above superfields, the corresponding soft SUSY breaking terms, and the details of B − L radiative symmetry breaking at TeV scale can be found in Ref. [15] .
In this class of model, the sneutrino squared-mass matrix, in the basis (ν L ,ν * L ,ν R ,ν * R ), is given by [22] :
where 5) where M N is the right-handed neutrino mass, which is proportional to the B − L symmetry breaking VEV, i.e.,
, to fulfill the smallness of light neutrino masses [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The soft SUSY breaking parameters mÑ ,L and A ν,N are the sneutrino, slepton scalar masses and trilinear couplings, respectively, which are given by universal values at the Grand Unification Theory (GUT) scale and are determined at any scale by their Renormalization Group Equations (RGEs) by using SARAH [23] [24] [25] . Finally tan β is defined as the ratio between the two B − L VEVs,
It is worth noting that the mixing between left-and right-handed sneutrinos (M 2 LR ) is quite suppressed, as it is proportional to Y ν < ∼ O(10 −6 ), while the mixing between the righthanded sneutrinos and right-handed anti-sneutrinos (M 2 RR ) is quite large, since it is given in terms of Y N ∼ O(1). Thus, the eigenvalues of the left-handed sneutrino squared-mass matrix
Therefore, depending on the values of the soft scalar masses m 2
, the corresponding lefthanded sneutrinoν L i can be light. However, it is important to note that m 2 L is constrained by the Lepton Flavor Violation (LFV) limits to be diagonal, which contributes to the charged slepton masses as well [26] . Therefore, the lightest left-handed charged sleptonτ L (the lefthanded stau) is almost degenerate with the lightest left-handed sneutrino,ν L 1 . Due to the DM constraints, bothτ L andν L 1 can not be the LSP. Nevertheless, they can be the NLSP.
The eigenvalues of the right-handed sneutrino squared-mass matrix M 2 RR are given by [22] :
where the mass eigenstatesν Im R andν Re R are defined as
The squared-mass m 2 ν R is given by
and ∆m 2 ν R is the mass splitting in the heavy right-handed sneutrinos, which is given by
This mass splitting and the mixing between the right-handed sneutrinoν R and right-handed anti-sneutrinoν * R are proportional to M N , which represents the magnitude of lepton number violation. From eq. (2.7), it is clear that the lightestν R , (ν Im R ) 1 , is typically the lightest sneutrino and can be even the LSP for a wide region of parameter space [27] , hence it can be stable and a viable candidate for DM. Depending on the values of M N |A N − µ cot β |, the lightest real component of right-handed sneutrino, (ν Re R ) 1 , could be the NLSP. In this regards, the NLSP can be one of the following particles:
However, among this list of particles onlyν L 1 andτ L have the chance to be LLPs. While (ν Re R ) 1 or (ν Im R ) 2 cannot, as they have quite large decay widths due to the following decay channels:
we provide here the relevant interaction terms for their dominant decay channels: T N ij = A N ij Y N ij , and Γ ij and R ij (I ij ) are the mixing matrices that diagonalize the CP-even Higgs mass matrix and the CP-even (odd) sneutrino mass matrix, respectively.
It is noticeable that the interactions in the last two terms of the above equation are proportional to the B − L parameters (g B−L or Y N ) and have no significant suppression due to the mixing matrices, since both sneutrinos are from the right-handed sector. While the interactions of first two terms are suffering from stringent suppression due to mis-match between the mixing matrices of left-and right-handed sneutrinos.
In figure 1 we display the total decay rates, which have been calculated by SPheno [28, 29] , of the potential BLSSM long-lived particles:ν L 1 (left panel) andτ L (right panel) as function of the mass difference m NLSP −m LSP , with NLSP is eitherν L 1 orτ L and the LSP is (ν Im R ) 1 . As can be seen from this figure,τ L andν L 1 can be long-lived particles only if the difference between their masses and the LSP mass, m (ν Im R ) 1 , is approximately equal to M W and M Z , respectively.
3 BLSSM long-lived particle searches at the CMS As advocated in the introduction, the main distinct feature of LLPs is that they can travel finite distances before they decay into SM particles. Therefore, these new particles can be probed at the LHC by looking for their displaced vertex signatures. Displaced vertex is defined as the distance between the primary vertex, which is originated from the hard scattering at the interaction point, and the secondary vertex that can be identified using the tracker information and the energy loss [30] . In our BLSSM, the lightest left-handed sneutrinoν L 1 , the neutral LLP, can be produced at the LHC through the channel mediated by Z /Z/γ decay, while the left-handed stau (τ L ), the charged LLP, can be produced through the off-shell W boson, as shown in figure 2 . Then later the neutral LLP decays to (ν Im R ) 1 + Z, while the charged LLP decays to (ν Im R ) 1 + W . We recall that both candidates of our LLPs are from the left- Figure 2 . Feynman diagrams depicting the production mechanism of the LLPs (ν L1 andτ L ) at the LHC.
handed sector while the LSP from the right-handed sector, therefore their decay rates are quite suppressed and their lifetime is rather long.
The efficiency for reconstructing events of displaced vertex depends on the region of the detector where the LLP decays. If the lifetime of the LLP is rather short, then it decays within the inner detector. For a larger lifetime ∼ O(1) meter, it can decay in the outer layers of the detector, ECAL, HCAL or muon system [31, 32] . Finally, if the LLP has a very long lifetime, then it may decay outside the detector boundaries. The tracker, which is the innermost detector system of the CMS detector, has a length of 5.8 m and a diameter of 2.5 m. It comprises a silicon pixel detector with three barrel layers at radii between 4.4 cm and 10.2 cm and a silicon strip tracker with ten barrel detection layers extending outwards to a radius of 1.1 m [33, 34] . Each system is completed by endcaps, which consist of two disks in the pixel detector and three plus nine disks in the strip tracker on each side of the barrel, extending the acceptance of the tracker up to a pseudorapidity of η < 2.5 [33, 34] . The observation of a displaced vertex depends on reconstructing the tracks of the charged final state particles. As displayed in figure 3 , one needs at least two charged tracks to reconstruct a secondary vertex. Important parameters for this reconstruction are:
• The total distance from primary to secondary vertices, L xy , which can be called the decay length. This decay length is defined as the distance in xy-plane between the particle and its decay products, which is calculated using the generator level information. The decay length L xy is calculated by:
where mother and daughter represent the LLP and its decay product, respectively, and v(x) and v(y) represent the vertex coordinates in the xy-plane.
• The impact parameter, d 0 = L xy sin θ, where θ is the angle described by the trajectory of the displaced vertex with respect to the beam line, which is also depicted in figure 3 . In order to distinguish the displaced vertices from primary ones, the following constraints: |d 0 | > (2-4) mm and L xy > (4-8) mm, are usually imposed. With these cuts, the SM backgrounds become almost neglected [35] [36] [37] [38] . The lifetime of LLP is defined as
where Γ tot. is the total decay width of the LLP. As mentioned, the total decay width is proportional to the mixing between both left-and right-handed sectors which is highly suppressed. Therefore, the lightest left-handed sneutrino and the left-handed stau will have large lifetimes. Figure 4 shows the displaced distance of the neutral LLP (left panel) and the charged LLP (right panel) versus the mass of the corresponding LLP. It is clear that in both cases, the neutral and charged LLPs, one can get a significant travelled distance by the LLP before its decay within the detector boundaries, where, in figure 4 , the blue and red dashed lines correspond to the dimensions of the Electro Magnetic Calorimeter (EMC) and the muon chamber, respectively. It is worth noting that we have imposed a selection criteria that final state leptons, obtained from LLP decays, must lie in (0.5-1) m for electrons and (4-8) m for muons. The LLP lifetime τ in the laboratory frame is related to the proper lifetime τ 0 , as in Refs. [39, 40] , as τ = γτ 0 ,
where γ is Lorentz factor, which depends on mass and momentum of the LLP. Depending on its lifetime, the LLP can travel a finite distance after its production at the LHC and before its decay. Besides the travelled distance, the probability of the long-lived decaying in the detector depends on their kinematic configuration and on the region of the detector in which the decay may occur. This probability can be defined in terms of inner and outer regions of the detector, where the particle decays to its SM components, as follows:
where r 1 and r 2 are both inner and outer distances of the detector, which depend on pseudorapidity η and c is the speed of light. Figure 5 shows the probability distribution for finding the neutral LLP (left panel) and the charged LLP (right panel) within the inner and outer regions of the detector. Also, one can see that, at high cτ 0 the probability of finding muon pair in the outer region is dominated, blue and red curves, while for low cτ 0 the probability for finding electron pair exceed, green and yellow curves. Thus, in our analysis, to reconstruct the LLP we have required the existence of both electron and muon pairs. The expected number of events for long-lived decays after it moves a distance in the detector between r 1 and r 2 can be obtained by
where P is the probability of finding a long-lived particle decays and it is defined in eq. (3.4), L is the LHC integrated luminosity and σ tot. is the total production cross section for the full process at the LHC.
BLSSM long-lived signatures at the CMS
In this section we discuss the signature of the above mentioned examples of neutral and charged LLPs (ν L 1 andτ L ) by using simulated events in proton-proton collisions at √ s = 13 TeV and with integrated luminosity 100 fb −1 . The matrix-element calculation and the generation of signal events at parton level have been done using MadGraph5_aMC@NLO [41] whereas, for parton showering as well as hadronization, we have used PYTHIA8 [42] . The detector simulation has been performed using DELPHES package [43] . Finally, the analysis and plots have been produced using ROOT6 object orientated data analysis framework [44] . Every time the CMS proton bunches cross one another, more than one proton-proton collision takes place; this is known as pile-up. In order to take the pile-up effects into account, all samples have been simulated with pile-up = 55 per vertex.
The neutral LLP,ν L 1 , is characterized by the Z boson decays to displaced di-lepton in the final state, while the charged LLP,τ L , is characterized by the charged tracks properties which are different in energy deposit in the tracker and in the momentum from those associated with the SM processes. The highly displaced tracks can be reconstructed in the CMS tracker [34] . This ability allows to study the neutral LLP tracks, where it cannot be probed using its tracks information itself, but it can only be probed using its displaced tracks information formed by the charged decay products of this LLP. At the moment, the CMS is less sensitive to probe the LLPs with decay length cτ 0 > 1 m [32] , thus for the neutral LLPν L 1 , we consider two cases: cτ 0 = 6.5 m and cτ 0 = 90 cm, with production cross sections: 7.6 fb and 4.9 fb, respectively, while for the charged LLPτ L , we also consider two cases: cτ 0 = 6.9 m and cτ 0 = 85 cm, with production cross sections: 9.6 fb and 1.7 fb, respectively.
Long-lived sneutrino signature at the CMS
We start with analyzing the signal of the neutral LLP,ν L 1 , which decays to Z boson and (ν Im R ) 1 as a missing transverse energy ( / E T ), as shown in figure 2 (left panel) . The experimental signature is a distinctive topology consisting of a pair of charged leptons originating from a displaced secondary vertex [45] . Due to the fact that all the SM particles should have a decay length L xy of order 4 mm, we require L xy > 20 mm in order to distinguish between our signal and the SM background. In figure 6 , we show L xy distribution for the neutral LLP,ν L 1 . As can be seen from this figure, our neutral LLP can travel up to 7 m in the xy-plane of the CMS detector.
As emphasized, the SM particles could have displaced di-lepton with much smaller d 0 than those of the LLP [46] . Therefore, the event selection focuses exclusively on a displaced and isolated lepton signature and it does not try to identify signal events using missing energy. In this way, we retain sensitivity to our model which can produce leptons with displacements from 100 µm to more than 20 cm, regardless of whether these leptons are accompanied / E T , or other interesting features. In figure 7 , we show the angular separation in the φ direction between ll and / E T , ∆φ(ll, / E T ), where l = e, µ. Since the signal has two sources of / E T as shown in figure 2 (left panel), ∆φ is almost flat distribution and we do not apply any cut on it in our selection. However, such cut may play a role in separation between our signal and any SM process could have a / E T in a specific direction. Moreover, in our analysis, if isolated leptons (muons or electrons) are matched to a track within ∆R = (∆η) 2 + (∆φ) 2 < 0.5, then this lepton track is obtained, where ∆η and ∆φ represent the angular separation between leptons and tracks in η and φ coordinates, respectively. In order to identify our signal from SM contamination we apply additional cuts on leptons as follows:
1. In the di-muon channel: two and oppositely charged muons with p T > 25 GeV for the leading muon and p T > 10 GeV for next leading muon.
2. In the di-electron channel: two charged electrons with p T > 10 GeV, and leading electron p T > 25 GeV while charge requirement in case of electrons is relaxed, as bremsstrahlung can result in incorrect charge reconstruction especially of high p T electrons [45] .
After applying all these selections, the neutral LLP signature is characterized by isolated and displaced di-lepton in the final state. These two leptons should have a large impact parameter Figure 8 . Impact parameter distribution for the displaced electron or muon pair produced from Z decay at the EMC or at the muon chamber, respectively.
d 0 which separate them from the leptons produced from SM processes. In figure 8 , we show the number of events of the signal versus the impact parameter d 0 , which can be larger than 10 cm for leptons. The region with small d 0 , i.e., d 0 few hundreds of µm is expected to be contaminated by the SM background [32, 47] , while at the region with larger d 0 few cm is expected to be dominated by our signal for the neutral LLP,ν L 1 .
Long-lived stau signature at the CMS
We now turn to the charged LLP,τ L , analysis. While the displaced di-lepton gives a clear signature for the neutral LLP, the track analysis is used for the charged LLP signature, which behaves like heavy and slow moving muon. The velocity of the charged LLP, is defined as [48] 
where E, p are energy and momentum of the track associated with the charged LLP, is considerably lower than unity, which is not the case for muons. Another characteristic feature ofτ L as the charged LLP is that its associated tracks have large momenta, which can be used to separate them from of the muons. In this study, motivated by the analysis in [49] , cuts are performed on momentum p, transverse momentum p T , and β for heavy charged tracks to distinguish them from muons. They are essentially as follows:
1. As for the neutral LLP case, L xy is used to reject some of the SM backgrounds which have L xy 4 mm. Here also, we select L xy > 20 mm as shown in figure 9 which indicates a large L xy (up to 7 m) for our charged LLP.
2. The tracks associated with the charged LLP are chosen with p and p T > 30 GeV and |η| < 2.1. This is consistent with the relatively high track p of ourτ L , as shown in figure 10 (left panel). As emphasized, this is one of the characteristics of the charged LLP.
3. An extra cut: ∆R(τ L , track) < 0.5 is imposed to confirm that a specific track originated from the charged LLPτ L not from other sources. This cut is applied using the information from tracks and generator level variables withτ L selected with it's pdgId [50] .
4. We impose the following cut: β < 0.95 to distinguish our charged LLP from muons. Small values of β forτ L are quite natural as shown in figure 10 (right panel), where there are significant number of events for such small β.
After applying all the above cuts except the one of β < 0.95, the remaining tracks associated with the charged LLP have a large track p. After applying the β cut, the remaining tracks have a small β compared with the muons. This small β means that the ratio between the travelling velocity of the charged LLP and the speed of light is significantly smaller than unity, as expected. Using those two variables, track p and β, we can discriminate the charged LLP from other SM backgrounds which are expected to have relatively small track p and β 1.
Conclusions
In this paper, we have studied two examples of possible LLPs, predicted by the BLSSM, namely the lightest left-handed sneutrino,ν L 1 , and the left-handed stau,τ L , which act as neutral and charged LLPs, respectively. A salient feature of these NLSP particles is that they do not need to be degenerate in mass with the LSP. Thus, a significant fine tuning, usually assumed in the MSSM and other LLP scenarios, is avoided. Their long lifetimes are mainly due to the fact that they are emerged from left-handed sector, while the LSP of the considered model is emerged from right-handed sector, therefore their couplings with the LSP are extremely suppressed. The main productions of these LLPs at the LHC are through the processes: pp → Z /Z/γ →ν L 1 + (ν Im R ) 1 and pp → W →τ L + (ν Im R ) 1 . Then, they decay intõ
To make the lifetime of these particles not very long, so that they can decay inside the detector, the difference between their masses and the LSP mass should be larger than or equal to M Z (for the neutral LLP) and M W (for the charged LLP).
We have analyzed the discovery potential of these LLPs at the LHC, for run with center of mass energy √ s = 13 TeV and integrated luminosity = 100 fb −1 . The impact parameter d 0 which is the main characteristic variable for displaced vertices analysis has been reconstructed for the neutral LLP signal using a fast detector simulator. We have shown that the total decay width forν L 1 can reach 10 −17 GeV, which enables it to have a large d 0 , 20 cm or even more, hence the associated signal can be easily identified from the SM backgrounds. Also the total decay width of theτ L can reach 10 −17 GeV, so that the analysis for the charged LLPτ L carried out with cuts on the associated tracks are imposed to choose high p and slow moving charged tracks.
After combining all results, we conclude that, unlike MSSM the B −L extension of MSSM naturally provides long-lived candidates without any fine tuning, with clean signatures that can be reachable at the next run of the LHC.
